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Cellular perturbations such as stress to the endoplasmic reticulum induce an integrated stress
response, which activates phosphorylation of eIF2a and leads to alleviation of cellular injury or
apoptosis. This study investigated the role of mechanical stimulation in the regulation of eIF2a
and cell death. Mechanical stimulation was applied to mouse ulnae, MC3T3 cells, and mesenchymal
stem cells. The results demonstrate that mechanical stimulation reduces phosphorylation of eIF2a
through inactivation of Perk. Furthermore, ﬂow pre-treatment reduces thapsigargin-induced cell
mortality through suppression of phosphorylation of Perk. However, H2O2-driven cell mortality,
which is not mediated by Perk, is not suppressed by mechanical stimulation. Taken together, our
observations suggest a pro-survival role of mechanical stimulation in Perk-mediated stress
responses.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
An integrated stress response within cells can be caused by a
number of insults including hypoxia, nutrient deprivation, viral
infection, oxidation, and stress to the endoplasmic reticulum (ER)
[1–3]. That stress response leads to preferential translational acti-
vation by a mechanism involving phosphorylation of eIF2a [4]. In
the case of extreme levels of insults the response leads to apoptosis
[5]. Although mechanical stimulation increases anabolic responses
in bone tissue [6–8] and reduces TNFa driven cell death [9], little is
known about translational regulation through eIF2a during mech-
anotransduction of bone.
This study was designed to examine stress-linked effects of
mechanical stimulation on phosphorylation of eIF2a and cell mor-
tality. The following set of speciﬁc questions was posed: does
mechanical stimulation (in vivo loading and in vitro ﬂuid ﬂow
treatment) modulate phosphorylation of eIF2a? If yes, what eIF2achemical Societies. Published by E
medical Engineering, Indiana
st Michigan Street, Indianap-
y.kinase is responsible? Does ﬂuid ﬂow treatment of osteoblasts sup-
press stress-driven cell mortality? We have previously shown that
thapsigargin, a pharmacological inducer of stress to the ER, alters
expression of transcription factors such as ATF4, Runx2, and Oster-
ix in MC3T3 osteoblast-like cells [10]. Since PKR-like ER kinase
(Perk), one of the four known eIF2a kinases, is responsive to ER
mediated stress [11], we hypothesized that mechanical stimulation
to bone would alter phosphorylation of eIF2a through Perk and
affect cell mortality.
To examine the hypothesis, we evaluated the protein expres-
sion levels of eIF2a and its phosphorylated form in mouse ulnae,
primary mesenchymal stem cells (MSCs), and MC3T3 cells under
various stress conditions. The ulnae were loaded with an elbow
loading modality [12], while the MSCs and MC3T3 cells were
treated with 1 h ﬂuid ﬂow at 20 dyn/cm2. Focusing on the
MC3T3 cells, the mRNA and protein levels of the selected
stress-linked genes were determined and cell mortality was eval-
uated in the presence and the absence of mechanical stimula-
tion, the stressors to the ER (thapsigargin and tunicamycin) or
an oxidative agent (H2O2) [13,14]. Gene expression was deter-
mined by quantitative real-time PCR and Western blot analysis,
and the role of Perk was examined by depleting its mRNA with
small interfering RNA (siRNA).lsevier B.V. All rights reserved.
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2.1. Elbow loading
Using C57/BL6 mice (female, 12 weeks; Harlan Sprague-Daw-
ley, Inc.), elbow loading was conducted with the procedure de-
scribed previously [12]. In brief, the mouse was anesthetized and
loads were applied to the left elbow for 3 min in the lateral-medial
direction with 0.5 N force at 5 Hz. The right forelimb was used as a
contralateral control. The pairs of ulnae were harvested at 1, 3, and
5 h after loading. Soft surrounding tissues were dissected out. The
bone sample was ground with a mortar and pestle in a RIPA lysisTable 1
Real-time PCR primers.
Gene Forward primer
ATF3 50-CGAAGACTGGAGCAAAATGATG-30
ATF4 50-TGGCGAGTGTAAGGAGCTAGAAA-30
ATF6 50-GGATTTGATGCCTTGGGAGTCAGAC-3
CHOP 50-CCACCACACCTGAAAGCAGAA-30
Perk 50-CCGTGACCCATCTGCACTAAT-30
Xbp1 50-TTACGGGAGAAAACTCACGGC-30
GAPDH 50-TGCACCACCAACTGCTTAG-30
A control
1 h   3 h      5 h
eIF2α p-
eIF2α
β-actin
B control  (MSC)    
eIF2α-p
1 h            3 h 
eIF2α
β-actin
C control  (MC3T3)  
1 h            3 h  
eIF2α-p
eIF2α
β-actin
Fig. 1. Load-driven downregulation of eIF2a phosphorylation. (A) Reduction in eIF2a-p
MC3T3 cells.buffer and centrifuged at 4 C. The supernate was used for Western
blot analysis.
2.2. Cell culture
MC3T3 osteoblast-like cells (C4 clone) were cultured on a glass
slide coated with 40 lg/ml type I collagen (BD Biosciences) in
aMEM containing 10% fetal bovine serum (FBS) and antibiotics
(50 units/ml penicillin and 50 lg/ml streptomycin) [15]. To estab-
lish primary MSC culture, femurs and tibias were collected from 4
to 8 week old C57/BL6 mice and bone marrow cells were harvested
by ﬂushing the femurs and tibias with Iscove’s MEM (Gibco-invit-Backward primer
50-CAGGTTAGCAAAATCCTCAAATAC-30
50-TCTTCCCCCTTGCCTTACG-30
0 50-ATTTTTTTCTTTGGAGTCAGTCCAT-30
50-GGTGCCCCCAATTTCATCT-30
50-CATAAATGGCGACCCAGCTT-30
50-GGGTCCAACTTGTCCAGAATGC-30
50-GGATGCAGGGATGATGTTC-30
elbow loading (ulna)
      1 h       3 h     5 h
                    flow (MSC)
           1 h        3 h 
                   flow (MC3T3)
          1 h        3 h
in the loaded ulnae. (B) Reduction in eIF2a-p in MSCs. (C) Reduction in eIF2a-p in
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nuclear cells were separated by low density gradient centrifuga-
tion. Cells were then washed twice with Iscove’s MEM and
cultured in mouse MesenCult basal medium supplemented with
MesenCult Supplemental (Stem Cell Technologies Inc.).
2.3. Treatment of cells
Cellular stress was induced by incubating cells with either 1 lM
thapsigargin (Tg, Santa Cruz Biotech.) for 1–24 h, 1 lg/ml tunica-
mycin (Tn, MP Biomedicals) for 3 h, or 0.5–2 mM hydrogen perox-
ide (H2O2, Fisher Scientiﬁc) for 3 or 6 h. The ﬂow pre-treatment
was applied for 1 h using a Streamer Gold ﬂow device (Flexcell
International) at 760 ml/min (equivalent to 20 dyn/cm2 shear
stress). Note that this shear stress is relevant to the loading forcelb l diA
control
e ow oa ng
l
Perk-p
β-actin
control           flow          B
Perk-p
Perk
CHOP
ATF4
β-actin
control           flow          C
eIF2α-p
IF2e α
Perk-p
CHOP
ATF4
β-actin
Fig. 2. Decreased protein levels of Perk-p, CHOP, and ATF4 in response to mechanical sti
increases in Perk-p, CHOP, and ATF4 by 1 h ﬂow in MC3T3 cells. Cells were incubated w
CHOP by 1 h ﬂow in MC3T3 cells. Cells were incubated with 1 lg/ml Tn for 3 h.employed in the in vivo model [18]. Prior to ﬂow application, cells
were grown for 1 day in a medium containing 1% FBS. For exami-
nation of cell mortality, cells were stained with trypan blue and
the numbers of live and dead cells were counted separately using
a hemacytometer.
2.4. Real-time PCR
The mRNA levels of ATF3, ATF4, ATF6, CHOP, and Xbp1 in re-
sponse to Tg and/or ﬂow were determined using quantitative
real-time PCR with the primers listed in Table 1. Total RNA was ex-
tracted using an RNeasy Plus mini kit (Qiagen). Reverse transcrip-
tion was performed, and real-time PCR was carried out using ABI
7500 with SYBR green PCR kits (Applied Biosystems). The mRNA le-
vel of GAPDH was used as an internal control to calibrate potential( l )u na
oading
           Tg flow+Tg
(31%)
(49%)
           Tn flow+Tn
(20%)
(22%)
(75%)
mulation. (A) Reduction in Perk-p in the loaded ulnae. (B) Suppression of Tg-driven
ith 1 lM Tg for 3 h. (C) Suppression of Tn-driven increases in eIF2a-p, Perk-p, and
748 H. Hirasawa et al. / FEBS Letters 584 (2010) 745–752variations in cell numbers. Within the four experimental groups
(control, ﬂow alone, Tg alone, and ﬂow followed by Tg), the relative
mRNA levels of the selected genes were determined with respect to
the GAPDH mRNA levels. The results were analyzed using a DCT
method [10], in which mRNA levels were normalized by setting
the levels in the control group to 1. For analysis of Xbp1 splicing,
PCR products were separated on a 2.5% agarose gel and ethidium
bromide stained bands were captured using a Fujiﬁlm Luminescent
image analyzer (LAS-3000). Note that the expected Xbp1 mRNA
sizes were 289 bp (unspliced) and 263 bp (spliced).
2.5. Immunoblots
Cells were lysed in a RIPA lysis buffer containing inhibitors for
proteases and phosphatases. Isolated proteins were fractionated
using 8–12% SDS gels and electro-transferred to Immobilon-PA Xbp1 (1 h)
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Fig. 3. Relative mRNA levels of Xbp1, ATF3, ATF4, ATF6, and CHOP in response to Tg and
incubation with Tg. (B) Relative Xbp 1 mRNA after 3 h incubation with Tg. (C) Gel images s
G) Messenger RNA levels of ATF3, ATF4, ATF6, and CHOP after 3 h incubation with Tg.membranes (Millipore). Immunoblots were carried out using anti-
bodies speciﬁc to ATF4, eIF2a, Perk, phospho-Perk (Thr980), cas-
pase-3 (total and cleaved forms; Cell Signaling); CHOP (Santa
Cruz); phospho-eIF2a (pS52) (Biosource); and b-actin (Sigma). After
incubation with anti-rabbit IgG (Cell Signaling) or anti-mouse IgG
(Amersham) antibodies conjugated with HRP, signals were de-
tected with ECL chemiluminescence. Images were captured using
a Fujiﬁlm Luminescent image analyzer and analyzed using Adobe
Photoshop (version 7.0).
2.6. RNA interference
To evaluate the role of Perk in Tg-induced stress with and with-
out the ﬂow pre-treatment, cells were treated with siRNA speciﬁc
to Perk. In brief, Perk siRNA (sc-36214, Santa Cruz Biotech.) was
mixed with a siRNA transfection reagent (sc-36868) in a transfec-B
**
Xbp1 (3 h)
control flow Tg flow+Tg
    Tg flow+Tg
263 bp
E ATF4 (3 h)
control flow Tg flow+Tg
G CHOP (3 h)
*
control flow Tg flow+Tg
/or mechanical stimulation in MC3T3 cells. (A) Relative Xbp1 mRNA levels after 1 h
howing the spliced and the unspliced Xbp1 mRNAs after 3 h incubation with Tg. (D–
H. Hirasawa et al. / FEBS Letters 584 (2010) 745–752 749tion medium (sc-36868), and the mixture was incubated with cells
for 18 h without FBS and antibiotics. Control siRNA-A (sc-37007)
was employed as the siRNA control. The Perk mRNA level was eval-
uated by real-time PCR using the pair of primers included in Table
1. Transfected cells were used for experiments after growing in a
normal aMEM medium for 2 days.
2.7. Statistical analysis
All values are expressed as mean ± S.D. Data were evaluated
using Fisher’s PLSD post hoc test after one-way ANOVA tests with
Stat View 5.0 (SAS Institute). Statistical signiﬁcance was examined
at P < 0.05. Note that statistical signiﬁcance was indicated in ﬁg-
ures with (*P < 0.05), (**P < 0.01) and (***P < 0.001).
3. Results
3.1. Load-driven downregulation of eIF2a-p in vivo and in vitro
Mechanical stimulation reduced the phosphorylated level of
eIF2a (eIF2a-p) (Fig. 1). First, the loaded ulnae exhibited a lower
level of eIF2a-p than the contralateral counterpart with no alter-
ation in the level of eIF2a. Second, in response to ﬂow treatment
the level of eIF2a–p decreased in both MSCs and MC3T3 cells.
3.2. Alterations in the protein levels of Perk-p
In concert with load-driven downregulation of eIF2a-p,
mechanical stimulation reduced the level of phosphorylated Perk
(Perk-p) in the mouse ulnae (Fig. 2). Since the basal expression le-
vel of Perk-p was low, we conﬁrmed the effects of mechanical
stimulation on the expression levels of Perk-p in the presence of
ER stressors (1 lM Tg and 1 lg/ml Tn) in MT3T3 cells. First, Tg ele-
vated the Perk-p levels as well as the levels of a pro-apoptotic gene,
CHOP. However, the 1 h ﬂow pre-treatment suppressed their ele-
vation by 31% (Perk-p) and 49% (CHOP). Second, the ﬂow pre-treat-
ment reduced Tn-driven upregulation of eIF2a-p, Perk-p, andA B
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Fig. 4. Cell mortality in response to 1 lM Tg for 24 h with and without ﬂow pre-treatmen
treated with Tg. (C) Cell mortality (in %) in four experimental groups (control, ﬂow alone, T
isoforms) for the cells incubated with Tg.CHOP by 20%, 22%, and 75%, respectively. Note that the levels of
ATF4 protein were upregulated by Tg and Tn, and the levels of Perk
were unchanged in all cases.
3.3. Messenger RNA expression of Xbp1, ATF3, ATF4, ATF6, and CHOP
Expression and splicing of Xbp1 are known to be sensitive to
stress to the ER. We examined the effects of Tg and ﬂow pre-treat-
ment on the total Xbp1 mRNA levels and two splicing isoforms.
First, 1 h incubation with Tg elevated the Xbp1 mRNA levels
approximately twofold regardless of the ﬂow pre-treatment
(Fig. 3A). Second, additional incubation for 2 h in the presence of
Tg increased mRNA levels (14-fold increase) but ﬂow pre-treat-
ment signiﬁcantly reduced Tg-driven increase (Fig. 3B). Third, the
electrophoretic agarose gel showed that Tg stimulated the splicing
of Xbp1 mRNA (Fig. 3C). Flow pre-treatment did not prevent this
splicing event but reduced the levels of spliced Xbp1 mRNA.
We next examined the mRNA levels of 4 other genes (ATF3,
ATF4, ATF6, and CHOP), which are known to be responsive to stress
to the ER (Fig. 3D–G). In the absence of Tg, their mRNA levels were
not signiﬁcantly affected by the ﬂow pre-treatment. However, Tg
elevated all of the mRNA levels. Flow pre-treatment did not affect
the levels of ATF3 mRNA or ATF4 mRNA but suppressed Tg-driven
mRNA increases of ATF6 (P < 0.01) and CHOP (P < 0.05).
3.4. Effects of Tg with and without ﬂuid ﬂow on cell mortality
To investigate a potential effect of mechanical stimulation on
cell mortality, cells were incubated with Tg for 24 h with and with-
out 1 h ﬂow pre-treatment (Fig. 4A–B). First, Tg increased the mor-
tality rate from 3% to 23%, and this increase was suppressed to 10%
by 1 h ﬂow pre-treatment (Fig. 4C). Second, the level of the cleaved
isoform of caspase-3, which was undetectable in control regardless
of ﬂow treatment (data not shown), was elevated by Tg. In agree-
ment with observations of ﬂow-driven reduction in cell mortality,
1 h ﬂow pre-treatment suppressed this Tg-induced caspase-3
(cleaved) level by 39% (Fig. 4D).100 μm
Tg flow+Tg
ase 3
d) (39%)
ase 3
ve
aved)
ctin
t in MC3T3 cells. (A) Trypan blue stained control cells. (B) Trypan blue stained cells
g alone, and Tg preceded by ﬂow). (D) Caspase-3 expression (cleaved and uncleaved
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Since oxidative stress by H2O2 also induces an integrated stress
response, a potential role of the ﬂow pre-treatment in H2O2 in-
duced regulation of eIF2a was examined. First, the ﬂow pre-treat-
ment did not signiﬁcantly alter the number of dead cells in
response to 3 or 6 h incubation with 0.5, 1 or 2 mM H2O2 (Fig. 5A
and B). Second, Western blot analysis revealed that although
administration of H2O2 upregulated eIF2a-p, phosphorylation of
Perk was not activated (Fig. 5C). Furthermore, the ﬂow pre-treat-
ment did not alter levels of eIF2a-p. These results indicate that efﬁ-
cacy of mechanical stimulation in alleviating cell mortality
depends on the stress source and activation of Perk.
3.6. Effects of Perk siRNA on Tg-induced cell death
Since Tg activated phosphorylation of Perk and the ﬂow pre-
treatment partially inhibited its activation, we examined whether
depleting Perk by siRNA would decrease Tg-driven cell mortality.
Compared to normal control (no transfection), Perk siRNA reduced
the Perk mRNA level to 14% (Fig. 6A). In agreement with theA
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Fig. 5. Responses to hydrogen peroxide in MC3T3 cells. (A) and (B) Cell mortality in res
peroxide, respectively. (C) Expression levels of eIF2a-p, eIF2a, and Perk-p after 3 h incuobserved responses to stress to the ER, incubation with Tg for 8 h
increased the cell mortality ratio to 17% (normal control) and
16% (siRNA control). Furthermore, 1 h ﬂow pre-treatment reduced
those mortality ratios down to 7% (normal control – white bars)
and 5% (siRNA control – gray bars) (Fig. 6B). In the cells treated
with Perk siRNA (black bars), no signiﬁcant difference was ob-
served in the cell mortality ratios between Tg alone and ﬂow
pre-treatment plus administration of Tg.
4. Discussion
The present study demonstrated that mechanical stimulation
reduced the levels of Perk-p and eIF2a-p, and suppressed cell death
caused by Tg-induced stress to the ER. Western analysis showed
that the active phosphorylated form of Perk, induced by Tg and
Tn, was down-regulated by mechanical stimulation although the
load-driven expression proﬁle of ATF4 in Fig. 2 was not identical
in response to Tg and Tn. Since depleting the expression of Perk
by siRNA in Tg-treated cells reduced the cell mortality ratio regard-
less of application of ﬂuid shear, we postulated that Perk was
involved in the interplay of mechanical stimulation and Perk-+ +
M H2O2 2 mM H2O2
          -
M H O 2 M H O
+         - +
2 2  m 2 2
H2O2 flow+H2O2
Tg
control
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Fig. 6. (A) Relative Perk mRNA levels in MC3T3 cells in normal control, siRNA control, and Perk siRNA groups. (B) Cell mortality (in %) in response to 8 h incubation with Tg for
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press cell death induced by H2O2 since H2O2-driven elevation of
the level of eIF2a-p was not mediated by Perk [13].
Our molecular analysis indicated the complex interactions at
the transcriptional and translational levels between ER mediated
stress and mechanical stimulation. First, the genes directly respon-
sive to stress to the ER such as Xbp1, ATF6, and CHOP were upreg-
ulated by Tg and partially suppressed by mechanical stimulation.
Xbp1 was actively spliced by Tg, and this splicing event was re-
duced by mechanical stimulation. Because of the role of CHOP in
an apoptotic pathway [19] through activation of Perk [20], the
load-driven suppression of CHOP was consistent with the observed
reduction in cell mortality. Second, mRNA levels of ATF3 [21] and
ATF4 [22] were increased by Tg regardless of mechanical stimula-
tion. Note that CHOP can also be upregulated through activation of
ATF4, ATF6 and Xbp1 [23].
Protein expression analysis supported the role of mechanical
stimulation in stress-linked translational regulation. In concert
with the observed suppression of cell death, mechanical stimula-
tion down-regulated the protein levels of eIF2a-p and CHOP.
Although the basal expression level of Perk protein was undetecta-
bly low, the elevated level of Perk-p in Tg-treated cells was de-
creased by ﬂow pre-treatment. Furthermore, Tg-driven cell death
was mediated by Perk-p and reduction in Perk-p by mechanicalstimulation or Perk siRNA reduced cell mortality. It is well known
that mechanical stimulation enhances bone formation [6–8]. Thus,
it is conceivable that reduction of cell death through regulation of
Perk and eIF2a may enhance cellular survival and contribute to
bone formation. Note that Perk knockout mice die with severe dia-
betic and skeletal defects [24], and thus Perk has an indispensible
role in the development of bone.
Suppression of cell death by mechanical stimulation is consid-
ered to be mediated by multiple signaling pathways. Besides the
Perk and eIF2a effects identiﬁed in this study, it has been shown
that apoptosis of osteoblasts caused by TNFa and serum depriva-
tion are suppressed by mechanical stimulation through a PI3 K
pathway [9] and a Wnt signaling pathway [25], respectively. In
accordance with those observations, our previous in vivo data
revealed that mechanical loading activated both PI3 K and Wnt
pathways [26]. Taken together, load-driven suppression of cell
mortality is mediated through multiple signaling pathways includ-
ing the eIF2a pathway as well as the PI3 K andWnt signaling path-
ways. Since cytoplasmic concentration of calcium ions is altered by
stress to the ER as well as mechanical stimulation, the regulation of
calcium ions might be involved in the observed alteration in Perk
phosphorylation. In summary, the current study supports the no-
tion that mechanical stimulation is a suppressor of Perk-mediated
stress and cell death.
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